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We investigated the transformation behavior from glassy to Zr2Ni phase in the
Zr65Al7.5Ni10Cu17.5 glassy alloy with a low oxygen content below 400 ppm mass%.
The mostly single face centered cubic Zr2Ni phase precipitated as a primary phase at
the initial crystallization stage. The Zr2Ni particles had a cubical morphology in the
diameter range of 300 to 500 nm and were in an isolated state for the sample annealed
at the temperature near crystallization temperature. A significant redistribution leading
to the enrichment of Zr and Ni into the Zr2Ni phase is confirmed. Moreover, it is
recognized that Cu and Al are rejected from the Zr2Ni phase. The compositional
differences of Zr, Al, Ni, and Cu between the Zr2Ni and remaining glassy phases are
in the range of 1.5 to 5 at.%. It is strongly suggested that such a significant
redistribution of the constitutional elements restrains the nucleation and growth of
crystalline phases. It is one of the important factors for the stabilization of the glassy
state in Zr–Al–Ni–Cu alloy.
Recently, a number of bulk glassy alloys with ex-
tremely high glass-forming ability (GFA) were found in
Zr-based multicomponent alloy systems.1–3 They have
attracted much attention because of scientific interest in
a high stability of glassy state as well as industrial ap-
plications.4 Among Zr–Al–TM (TM 4 transition met-
als) alloy systems, the Zr65Al7.5Ni10Cu17.5 glassy alloy
has an extremely high GFA as is evidenced by the largest
value of the supercooled liquid region, which is defined
as the temperature interval between glass-transition tem-
perature and crystallization temperature.5 Köster et al.
have reported that an icosahedral phase is formed as a
primary crystallization phase in the Zr65Al7.5Ni10Cu17.5
glassy alloy with a high amount of oxygen content as an
impurity.6 It has subsequently been noticed that the trans-
formation behavior strongly depends on the oxygen and/
or hydrogen content in the Zr-based glassy alloys.7,8
Recently, it has been clarified that the face-centered-
cubic (fcc) Zr2Ni phase with a large unit cell is formed in
the Zr65Al7.5Ni10Cu17.5 glassy alloy with a low oxygen
impurity.9,10 One of the authors has suggested that a
long-range or a large-magnitude redistribution of the
constitutional elements is necessary during the transfor-
mation from glassy to crystalline phase, which is one of
the important factors for stabilization of glassy state.11
However, little is known about direct evidence of the
redistribution behavior especially at the initial crystalli-
zation stage, where the transformation behavior is
strongly correlated with a glassy structure with high
GFA. In this paper, we present a redistribution behavior
of constitutional elements at the initial crystallization
stage by nanobeam energy-dispersive x-ray (EDX) spec-
troscopy in the Zr65Al7.5Ni10Cu17.5glassy alloy with low
oxygen content.
The melt-spun Zr65Al7.5Ni10Cu17.5ribbon sample with
a cross section of 0.03 × 1 mm2 was produced from an
alloy ingot prepared by arc melting high-purity metals of
99.8% crystal Zr, 99.999% Al, 99.9% Ni, and 99.999%
Cu. The sample preparation was done in a purified argon
atmosphere. Thermal properties were measured by dif-
ferential scanning calorimetry (DSC) at a heating rate of
0.67 Ks−1. The as-spun and annealed structures were ex-
amined by x-ray diffractometry with Cu Ka radiation and
field-emission transmission electron microscopy (JEOL
JEM-3000F, Tokyo, Japan). The oxygen content of the
as-quenched ribbon sample was analyzed to be below
400 ppm mass% by inductively coupled plasma spectros-
copy, where the influence of oxygen impurity for the
transformation behavior can be ignored.8
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Figure 1 shows a DSC curve [Fig. 1(a)] of the melt-
spun Zr65Al7.5Ni10Cu17.5 glassy alloy and the x-ray dif-
fraction (XRD) pattern of the sample annealed for 30 s at
740 K [Fig. 1(b)]. The single sharp exothermic peak is
clearly seen after the glass transition. The onset tempera-
tures of the glass transition,Tg, and crystallization,
Tx, are 635 K and 745 K, respectively. The supercooled
liquid region is approximately 110 K. As shown in
Fig. 1(b), the structure of the primary phase is analyzed
by XRD for the sample annealed for 30 s at 740 K. Sev-
eral peaks are observed in addition to the halo peak,
which denotes that the glassy phase remains. Because all
the peaks can be identified as an fcc Zr2Ni with a large
unit cell of a 4 1.227 nm, the primary crystalline phase
is the fcc Zr2Ni phase. The bright-field TEM image
[Fig. 2(a)] and selected-area electron diffraction pattern
[Fig. 2(b)] of the Zr65Al7.5Ni10Cu17.5 glassy alloy an-
nealed for 30 s at 740 K are shown in Fig. 2. Nearly
cubical particles in the diameter range from 300 to
500 nm are seen in the glassy matrix and the precipitates
are isolated and homogeneously distributed. The low dis-
tribution density in the glassy matrix and large grain size
for the Zr2Ni particles imply their low nucleation rate
even at the high annealing temperature nearTx. The au-
thors have reported that the nucleation rate of the Zr2Ni
phase is calculated to be approximately 1016 m−3 s−1 at
he Tx on the basis of the data of J-M-A analysis.
12 It is
characteristic that the value is comparatively lower than
those of other amorphous alloys.13,14Therefore, it is sug-
gested that the low nucleation rate leads to the structure
consisting of the isolated Zr2Ni particles with a large
grain size. The selected-area electron-diffraction pattern
can be identified as the fcc Zr2Ni phase along [011] zone
axis accompanied by a halo ring reflected from the re-
sidual glassy phase. These data are in agreement with
those of the x-ray diffraction pattern shown in Fig. 1(b).
Because the volume fraction of the Zr2Ni phase is in the
range of 20 to 30% in the annealing condition, it is re-
alized that the crystallization reaction under the anneal-
ing condition is in the initial stage. Figure 3 shows the
scanning transmission electron microscope (TEM) im-
age, which was obtained from the central part of the
bright-field image shown in Fig. 2(a) and elemental map-
ping images of the same area obtained by using (b) Zr–L,
(c) Al–K, (d) Ni–K, and (e) Cu–K energy dispersive
x-ray (EDX) peaks, respectively. The beam diameter for
the EDX analysis is approximately 10 nm. The bright
point in the mapping images indicates the high concen-
tration of the corresponding elements. It is clearly rec-
ognized that the Zr and Ni elements are enriched in the
Zr2Ni phase while Cu is rejected from the Zr2Ni phase.
No significant change in the Al content is seen between
the Zr2Ni and residual glassy phases. Therefore, it is
clarified that the redistribution of Zr, Ni, and Cu takes
place during the precipitation of the primary cyrstalline
phase. Table I summarizes the analytical compositions of
the Zr2Ni and residual glassy phases. The data of the
whole area are shown for comparison. In agreement with
the results of mapping images, the Zr and Ni contents are
higher than those of the residual glassy phase. However,
the Cu content in the Zr2Ni phase is lower than that in the
TABLE I. Analytical compositions in the Zr2Ni and the remaining
glassy phases of the Zr65Al7.5Ni10Cu17.5glassy alloy annealed for 30 s
at 740 K (at.%).
Zr Al Ni Cu
Zr2Ni 68.3 4.6 15.6 11.5
67.9 5.4 15.0 11.7
66.8 5.1 16.5 11.6
67.2 5.3 15.1 12.4
69.1 5.2 13.9 11.8
Average 67.9 5.1 15.2 11.8
Glass 65.2 6.7 12.0 16.1
65.8 6.5 12.0 15.7
64.6 7.6 10.0 17.8
65.8 6.9 10.0 17.3
66.0 5.9 11.0 17.1
Average 65.5 6.7 11.0 16.8
Whole area 66.1 6.0 12.5 15.4
FIG. 1. (a) DSC curve of melt-spun Zr65Al7.5Ni10Cu17.5 glassy alloy
and (b) x-ray diffraction pattern of the sample annealed for 30 s at
740 K.
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FIG. 2. (a) Bright-field TEM image and (b) selected-area electron-diffraction pattern of the Zr65Al7.5Ni10Cu17.5 glassy alloy annealed for 30 s
at 740 K.
FIG. 3. (a) Scanning TEM image and (b–e) the elemental mapping images of the Zr65Al7.5Ni10Cu17.5 glassy alloy annealed for 30 s at 740 K.
The mapping images were obtained by using (b) Zr–L, (c) Al–K, (d) Ni–K, and (e) Cu–K EDX peaks, respectively. The beam diameter for EDX
analysis is approximately 10 nm.
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residual glassy phase. Although no significant difference
in the Al content is recognized between the two phases in
the EDX mapping, one can notice the difference in the Al
content in the quantitative analysis. Therefore, it is found
that Al is rejected from the Zr2Ni phase. The composi-
tional differences between the two phases are approxi-
mately 2.5 at.% for Zr, 1.5 at.% for Al, 4 at.% for Ni, and
5 at.% for Cu. These results are regarded as direct evi-
dence of the redistribution of the constituent elements
during the transformation from the glassy to Zr2Ni
phases at the initial crystallization stage. Moreover, it is
concluded that the significant redistribution of all the
constituent elements is necessary at the initial stage. The
necessity of such a significant redistribution seems to be
one of the important factors for stabilization of the glassy
state by suppressing the nucleation and growth of the
crystalline phases.
The transformation behavior from the glassy to Zr2Ni
phase is investigated in the Zr65Al7.5Ni10Cu17.5 glassy
alloy with low oxygen content. The mostly single fcc
Zr2Ni phase is precipitated as a primary phase at the
initial stage of crystallization. The Zr2Ni particles are
isolated in the glassy matrix and have a cubical morpholo-
gy in the diameter range of 300 to 500 nm. The low
distribution density and significant large grain size even
in the high annealing temperature nearTx imply the low
nucleation rate during the crystallization. From the com-
positional analysis by nanobeam EDX, it is recognized
that Zr and Ni are enriched in the Zr2Ni phase, while Al
and Cu are rejected from the Zr2Ni phase. This result is
direct evidence of the redistribution of the constituent
elements at the initial stage of crystallization. It is
strongly suggested that the necessity of the significant
redistribution of all the constitutional elements is one of
the most important factors for the stabilization of glassy
state resulting from the restraint of the nucleation and
grain growth of the crystalline phases.
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